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Purpose: The purpose of this study was to determine whether the combined insults of 
hemorrhagic shock and aortic clamping simulating ruptured abdominal ortic aneurysm 
repair had a synergistic effect on the production of pulmonary injury, indicating remote 
organ injury. 
Methods: Animals were randomized to one of three groups, infrarenal clamp plus 1 hour 
of shock, infrarenal clamp plus 2 hours of shock, and supramesenteric clamp plus 1 hour 
of shock. Each of these groups had four subgroups; ham, shock (mean arterial pressure 
of 50 mm Hg), clamp, or combined [shock plus damp]). All animals had a laparotomy with 
aortic clamping in only the clamp and combined groups. Five hours after clamp removal 
lung permeability index and neutrophil sequestration were quantified. 
Results: Lung permeability index (6.60 + 0.63, p < 0.05 vs all other groups) and 
neutrophil sequestration (3.72 - 0.45 vs sham and clamp, p < 0.05) were significantly 
increased when shock and supramesenteric clamp were combined. After 1 or 2 hours of 
shock and infrarenal clamping, no increase in lung permeability index was noted, although 
neutrophil sequestration was increased in the 2-hour shock group. 
Conclusions: These results demonstrate he additive ffect of shock and supramesenteric 
clamping, which initiated acascade of injurious events that resulted in a rapid pulmonary 
injury. The high mortality rate related to remote organ failure in ruptured abdominal 
aortic aneurysm ay be related to the synergy of these two injurious processes. (J VAse 
SURG 1995;22:1-8.) 
Rupture of an abdominal aortic aneurysm 
(RAAA) is associated with a mortality rate between 
50% to 70% that results from myocardial infarction 
and heart failure, in addition to pulmonary and 
kidney failure. 1-a Ernst 4 has estimated that the total 
mortality rate may approach 90% when all cases are 
included. Despite advances in patient care, the 
mortality rate from RAAA has not changed over the 
last decade, s This is in contrast with elective AA_A 
repair, where the mortality rate has declined over the 
same periodP 
The causes of death differ significantly between 
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patients undergoing elective procedures and patients 
with RAAA. In patients undergoing elective proce- 
dures, myocardial infarction continues to be the 
leading cause of death. 6Patients with RAAA may die 
as a result of myocardial infarction; however, mul- 
tiple organ failure, such as pulmonary and kidney 
failure, are also principal causes. 1,3,6 There has been a 
paucity of investigation i to the pathophysiologic 
mechanisms that are initiated by rupture and repair of 
an AAA and that result in organ injury and failure 
remote from the ischemic tissues. The early events 
associated with repair ofa RAAA can be divided into 
two phases. First, the shock phase is characterized by 
hemorrhage of variable severity and duration. The 
second phase is aneurysm repair that requires aperiod 
of reduced blood flow (ischemia) to the lower torso. 
Neither hemorrhagic shock (a form of total body 
ischemia) nor transient lower torso ischemia occur- 
ring in isolation are associated with a high mortality 
rate or incidence of organ failure. The combination of 
these two ischemia reperfusion events in patients 
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Table I. Experimental protocol 
Baseline period Shock duration Clamp duration Obse~ation period 
Group subgroup (rain.) (hr.) (hr.) (hr.) 
IR 1 Sham 30 0 0 5 
Ilk I Shock 30 1 0 5 
IR 1 Clamp 30 0 1, infrarenal 5 
IR 1 Combined 30 1 1, infrarenal 5 
IR 2 Shock 30 2 0 5 
IR 2 Clamp 30 0 1, infrarenal 5 
IR 2 Combined 30 2 1, infrarenal 5 
SM 1 Shock 30 1 0 5 
SM 1 Clamp 30 0 1, supramesenteric 5 
SM 1 Combined 30 1 1, supramesenteric 5 
The detailed protocol events are outlined for each of the groups and subgroups of animals. 
with RAA may account for the high mortality rate 
and incidence of organ failure that is reported. 
We hypothesized that the combination of hem- 
orrhagic shock and lower torso ischemia that occurs 
in RAAA repair initiates pathophysiologic mecha- 
nisms that act in a synergistic manner, leading to the 
development of organ failure. The purpose of this 
study was to develop an animal model of RAAA and 
to determine the factors that lead to remote organ 
injury. 
METHODS 
Male Sprague-Dawley rats (425 to 475 gm) 
(Charles River, Wilmonton, Mass.) were anesthe- 
tized with intraperitoneal sodium pentobarbital (50 
mg/kg). A tail vein and the right carotid artery were 
cannulated with 22 gauge angiocaths and sutured in 
place. The tail vein was used to administer anesthetic 
(intravenous pentobarbital), saline solution, and 
blood. The carotid artery cannula provided continu- 
ous monitoring of the arterial pressure (Hewlett 
Packard model 78304A, Palo Alto, Calif.) and blood 
withdrawal. 
Animals were randomly assigned to one of three 
groups, infrarenal clamp plus 1 hour of shock (IR 
1), infrarenal clamp plus 2 hours of shock (IR 2), 
and supramesenteric clamp plus 1 hour of shock 
(SM 1). Each of these groups had four subgroups; 
sham, shock, damp, or both (Table I). Shock was 
induced by blood withdrawal by use of a hepa- 
rinized plastic syringe (15 ~/ml blood) to reduce 
mean blood pressure to 50 mm Hg. During the 
1-hour period of shock, additional blood was with- 
drawn at regular intervals to maintain mean blood 
pressure at 50 mm Hg. Attempts to titrate the 
degree of shock in the individual animals by use of 
thermistor-calculated cardiac output was unsuccess- 
ful. 7 The blood was maintained at room tempera- 
ture on a tube rocker during the shock period. After 
1 hour (or 2 hours in the appropriate groups) of 
hemorrhagic shock, laparotomy was performed in 
all animals, and in the appropriate animals the aorta 
was damped in the supramesenteric or infrarenal 
position. A second clamp was placed just above the 
aortic bifurcation. In the supramesenteric group a 
ligature was applied to the duodenal collateral vessel 
between the celiac and superior mesenteric circu- 
lation. The clamps remained in place for 1 hour 
(during which time the abdomen remained open 
but was covered by a moist sponge) simulating the 
lower torso ischemia induced by aneurysm repair. 
After placement of the aortic clips, the animals in 
the shock groups were resuscitated with 50% of the 
removed blood. At the conclusion of the aortic 
clamping period (1 hour), the remainder of the 
blood was returned in shocked animals, and all 
animals were given 2 ml 0.9% saline solution and 
2 I~Ci iodine 125-labeled albumin (Merck Frost, 
Montr4al, Qu4bec, Canada). Animals were main- 
tained under anesthesia for 5 hours, during which 
time all received 5 ml saline solution. Additional 
saline solution was administered to maintain the 
mean blood pressure above 90 mm Hg. Table I 
details the sequence of events in each group during 
the experimental procedure. In each experimental 
group sham controls were performed. 
At the conclusion of the experiment, the animals 
were killed with an overdose ofpentobarbital. B ood 
was aspirated rapidly from the right ventricle, and the 
lungs were excised. The left lung was lavaged three 
times with 3.3 ml of saline solution, and the effluent 
bronchoalveolar vage (BAL) was collected. Blood 
and BAL fluid were weighed and counted for 12sI 
content, and lung permeability index was calculated 
with the following formula: Lung permeability 
index = [BAL 12sI cpm/gm]/[Blood 12sI cpm/gm]. 
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Fig. 1. Lung permeability index in each of three separate experimental protocols i represented 
in this histogram. Sham, shock, and clamp controls are shown for each group. Shock of 1 or 
2 hours duration or simulated infrarenal aneurysm repair did not alter lung permeability. One 
hour ofsupramesenteric clamping alone significantly increased lung permeability index (asterisk 
represents p < 0.05 vs sham, pound sign represents p < 0.05 vs shock). Combined events of 
shock and supramesenteric clamp (combined group) resulted in most s gnificant increase in lung 
permeability ndex observed (double asterisk represents p < 0.05 vs clamp). 
The right lung was frozen rapidly and stored at 
- 70 ° C until analyzed for myeloperoxidase content. 
Myeloperoxidase (MPO) assay. The right lung 
was thawed, weighed, and homogenized in 10 
mmol/L potassium phosphate buffer pH 7.4 
(Polytron; Brinkman Instruments, Westburg, N.Y.). 
After centrifugation (12,000 g) for 20 minutes at 
4 ° C the pellet was rehomogenized in 50 mmol/L 
potassium phosphate buffer pH 6.0 containing 0.5% 
hexadecyhrimethylammonium bro ide and frozen 
overnight at - 70 ° C. After thawing, rehomogeniza- 
tion, and sonication (Model VC 50T; Sonics & 
Materials Inc., Hartford, Conn.) at 40 W for 1 
minute, the supernatant was collected after repeat 
centrifugation. 
MPO activity was assessed at 37 ° C by monitor- 
ing the change in absorbance at 655 nm over a 
3-minute period in a Cobas FARA II centrifugal 
analyzer (Roche Diagnostic Systems, Montclair, 
N.J.). The reaction mixture contained 16 mmol/L 
3,3',5,5'-tetramethylbenzidine dissolved in N,N- 
dimethylformamide in 0.22 mol/L phosphate buffer 
that contained 0.11 mol/L NaC1 at pH 5.4. 8 The 
reaction was initiated with the addition of 3 mmol/L 
hydrogen peroxide, and the absorbance was mea- 
sured over the first 3 minutes in the linear portion of 
the curve. One unit of activity was defined as a 
one-unit change in absorbance per minute at 37 ° C. 
Protein content of the lung samples was determined 
by use of the Pierce BCA Protein Assay system 
(Pierce, Rockford, Ill.). MPO results are expressed as 
changes in absorbance per minute per mg of protein 
of lung tissue. 
Results are expressed as mean _+ SEM. One-way 
analysis of variance (ANOVA) and Student Neuman 
Keuls test were performed to detect differences 
between groups. 9 Significant differences were ac- 
cepted at the p < 0.05 level. 
All animals used in this study were maintained in
an accredited facility, cared for in accordance with the 
recommendations of the Canadian Council on Ani- 
mal Care, the requirements of the "Animals for 
Research Act" of the province of Ontario, and the 
regulations of the Animal Care Committee, The 
Toronto Hospital and the Guide for the Care and Use 
of Laboratory Animals (NIH Publication No. 86-23, 
revised 1985). 
RESULTS 
IR 1 group. Animals exposed to 1 hour of 
hemorrhagic shock and i hour ofinfrarenal c amping 
(combined group, n = 17) did not demonstrate a 
significant rise in lung permeability index compared 
with the control groups (sham n = 12, shock 
n = 10, clamp n = 10), 5 hours after aortic de- 
clamping (ANOVAp = NS, Fig. 1). No significant 
rise in lung myeloperoxidase was noted (ANOVA 
p = NS, Fig. 2). The blood pressures in these groups 
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Fig. 2. Lung myeloperoxidase content was significantly elevated in the IR 2 combined and 
shock groups compared with shams (asterisk represents p < 0.05 vs sham). In SM 1 group 
combined group had significantly elevated amounts of MPO compared with sham and clamp 
(double asterisk representsp  < 0.05).  
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Fig. 3. Blood pressure measurements in infrarenal group with I hour of hypotension. Note 
similar degrees of hypotension i shock and combined groups. 
is represented in Fig. 3 and demonstrates the relative 
stability and homogeneity of the subgroups. 
IR  2 group. Two hours of hemorrhagic shock 
and 1 hour of infrarenal aortic clamping did not 
result in an increase in lung permeability index 
compared with the shock, clamp, or sham groups 
(ANOVA p = NS). The 2-hour duration of hy- 
potension was associated with significant increases 
in lung myeloperoxidase content compared with 
shams (ANOVA p = 0.006, combined [n = 13] 
3.15 + 0.3 vs sham [n = 8] 1.79 + 0.29p < 0.05, 
shock [n = 13] 3.01 _+ 0.31 vs shamp < 0.05, Fig. 
2). The volume of blood removed from the 1-hour 
shock and the combined groups did not differ 
(Table II). Larger volumes of blood were removed 
from those animals in the IR 2 groups; however, 
they did not require larger volumes of extra saline 
solution compared with the groups that had 1 hour 
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Fig. 4. Blood pressure measurements in IR 2 group. Only shock and combined ata are shown 
for simplicity. In combined group, note transient decrease in blood pressure when clamps are 
removed, followed by rapid return toward shock-alone group. 
Table II. Mean volume of blood removed (ml) 
Group SM 1 IR 1 IR 2 
Shock 5.6 + 0.4 5.4 -+ 0.2 9.2 + 0.5 
Combined 5.6 + 0.2 6.9 + 0.3 9.6 -+ 0.3 
There was no significant difference between the blood volumes removed in the shock and combined groups within treatment groups. 
However significantly more blood was removed in the IR 2 groups compared with the IR 1 or the SM 1 groups (ANOVAp = 0.000, 
p < 0.05 for all). 
of hypotension. Animals exposed to 2 hours of 
hypotension had similar blood pressure stability 
compared with the 1-hour group with longer du- 
ration of hypotension (Figs. 3 and 4). 
SM 1 group. The lung permeability index was 
significantly elevated in those animals that had 
supramesenteric occlusion for 1 hour (3.52 _+ 0.40, 
n = 10) compared with sham (1.78 e 0.18, 
n = 14,p < 0.05) and shock groups (2.19 + 0.28, 
n = 10,p < 0.05, ANOVAp = 0.001, Fig. 1). The 
combination of supramesenteric o clusion and 1 
hour of hemorrhagic shock (combined group) re- 
suited in a synergistic effect on lung permeability, 
increasing it to 6.60 m 0.63 (n = 15,p < 0.05 vs all 
other groups). A comparison of the combination of 
supramesenteric occlusion plus i hour of hypoten- 
sion (combined group) with the 2 hours of shock 
alone group (6.6 _+ 0.63 vs 3.05 _+ 0.45) was sig- 
nificant. Lung myeloperoxidase content was signifi- 
cantly increased in those animals that had the 
combined insult of a supramesenteric aortic clamp 
and hemorrhagic shock (combined group, 
3.72 + 0.45) compared with sham (2.13 + 0.14, 
p < 0.05) and the clamp group (2.63 + 0.31, 
p < 0.05, ANOVA p = 0.006, Fig. 2). Fig. 5 
demonstrates the alterations in blood pressure for 
these groups. The combined group (shock plus 
supramesenteric clamping) had higher blood pres- 
sure while the aorta was clamped and lower blood 
pressures during the period of observation and were 
the only group that required significantly more 
administration of saline solution than the other 
animals in their group (Table III). 
DISCUSSION 
This study describes an acute experimental model 
that simulates the sequence of events that occur with 
repair of a RAAA. The events of RAAA have been 
divided into distinct phases: shock and lower torso 
ischemia. We used pulmonary permeability as an 
index of early remote organ injury induced in this 
model. 
The results of this study demonstrate hat infra- 
renal repair, preceded by 1 hour of hypotension at a 
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Fig. 5. Blood pressure measurements in supramesenteric group differs as supramesenteric 
clamping increases blood pressure more than infrarenal clamping, and final blood pressure is
about 10 mm Hg lower than infrarenal clamping roups at conclusion of experiment. 
Table III. Extra saline solution required to maintain blood pressure (ml) 
Group SM 1 IR 1 IR 2 
Sham 0 0.8 -+ 0.8 0 
Shock 0.8 + 0.6 0.8 -+ 0.6 2.0 _+ 0.9 
Clamp 1.0 _+ 0.5 0.7 -+ 0.5 0.9 + 0.8 
Combined 6.4 + 1.4 1.0 + 0.8 3.4 _+ 1.7 
The supramesenteric group required significantly more saline solution to be administered in the shock plus repair group than in its control 
group (ANOVAp = 0.00, p < 0.05 combined vs clamp, shock, or sham). 
mean blood pressure of 50 mm Hg, was not 
associated with an increase in pulmonary permeabil- 
ity or neutrophil sequestration 5 hours after elease of 
the lower torso ischemia. Increasing the duration of 
the hypotensive period to 2 hours significantly 
increased lung neutrophil sequestration; however, no 
alteration in lung permeability index was observed. 
When the clamp location was supramesenteric, the 
combined insults were sufficient o induce an acute 
increase in both neutrophil sequestration and pul- 
monary permeability. These alterations were signifi- 
candy increased over the shock-alone and clamp- 
alone controls. The sequential events of hypotension 
and supramesenteric lower torso ischemia cted in a 
synergistic manner, leading to an alteration in pul- 
monary permeability, an indicator of early remote 
organ injury. 
Supramesenteric aortic clamping alone resulted in 
an increase in the lung permeability index compared 
with sham animals; however, it was less than the 
combined group of shock and lower torso ischemia 
after 5 hours. Moderate increases in lung permeabil- 
ity index and neutrophil content have been noted by 
other investigators 3 hours after a 1-hour period of 
superior mesenteric artery clamping) ° The mecha- 
nisms responsible for the increase in lung permeabil- 
ity index and neutrophil sequestration after intestinal 
ischemia/reperfusion include neutrophil adhesion 
and activation via the CDl l /CD18 complex, tumor 
necrosis factor (TNF) release and complement 
activation. ~°-12 TNF is released into the circulation 
after intestinal ischemia and immunoneutralization 
of TNF has been successful in reducing pulmonary 
permeability.I° Infusion of TNF without mesenteric 
ischemia is sufficient to induce lung injury character- 
ized by edema nd neutrophil sequestration. 13 Four 
hours of lower torso ischemia has been suggested to 
result in the release of TNF and increased lung 
permeability. 14To date there is no evidence to 
suggest that hemorrhagic shock results in the release 
of either TNF or interleukin-1. In considering the 
potential role of TNF in the induction of the lung 
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injury described inthis model, supramesenteric aortic 
clamping alone is sufficient o increase the lung 
permeability index. TNF may mediate this compo- 
nent.~4 The duration of lower torso ischemia ismuch 
shorter than that which results in TNF release in 
other experimental models. The synergy observed in 
this study between ischemia nd hypotension may 
not occur solely as a result of an increase in the 
amount of TNF released, but may be related to the 
induction of other mechanisms of injury. 
Hemorrhagic shock alone did not result in an 
increase in lung permeability. When hemorrhagic 
shock was combined with supramesenteric clamping, 
however, lung permeability index increased. A syn- 
ergistic effect on pulmonary injury has been de- 
scribed when hemorrhagic shock (cardiac output 
reduced to 40% of baseline for 1 hour) preceded the 
infusion of endotoxin by 24 hours. ~s The combina- 
tion of shock and endotoxin infusion resulted in a 
dramatic increase in lung permeability index 6 hours 
after the sequential injuries. Although the exact 
mechanisms responsible were not elucidated, it was 
suggested that hemorrhage may have primed the 
reaction as a result of breakdown of the gastrointes- 
tinal mucosal barrier. This may have allowed trans- 
location of bacteria or their products, leading to a 
generalized Schwartzman reaction. In this model 
hemorrhagic shock and clamp follow in a sequential 
manner; the priming effect of hemorrhagic shock 
takes place rapidly. Hemorrhage may have primed 
the gastrointestinal tract for injury that was exacer- 
bated by 1 hour of supramesenteric clamping. This 
may have resulted in the alteration in lung injury 
noted above. 
It has been demonstrated that in animals fed 
carbon 14-1abeledEscherichia coli, hemorrhagic shock 
is associated with increased plasma levels of ~4C.~ 
Animals with increased ~4C also had positive blood 
culture results. Although this experimental study 
suggests hat hemorrhagic shock may lead to bacterial 
translocation across the intestine, this is a controver- 
sial conclusion. Translocation of live bacterial across 
the intact intestinal wall after shock and trauma is 
considered a rare event, and the absorption of 
bacterial protein(s) or lipopolysaccharide r main 
debatable. The "double hit" to the intestine (hemor- 
rhagic shock and ischemia) in the supramesenteric 
group may be the reason for the observed alteration 
in pulmonary permeability. 
It has been suggested that neutrophils may 
mediate lung injury after intestinal ischemia. After 
intestinal ischemia when a monoclonal antibody 
against he CD 11 b component of the CD 11/CD 18 
adhesion complex was administered, increased pul- 
monary permeability was abolished, even though 
neutrophil sequestration i the lung was not re- 
duced, i7 When an anti-CD18 monoclonal antibody 
was given, increased lung permeability index and 
neutrophil sequestration were prevented, although 
the hypotension associated with reperfusion re- 
mained unchanged, i7 In addition, the mortality rate 
after hemorrhagic shock was significantly reduced 
when animals were treated with an anti-CD18 
monoclonal antibody, is These data suggest hat 
neutrophils may be significant mediators in the 
development ofthe pulmonary injury after intestinal 
ischemia. 
A scheme for modeling the early events that occur 
after RAAA has not been previously reported. A 
small animal was chosen for initial investigation on 
the basis of reproducibility ofresults and the potential 
for therapeutic nterventions with biologic agents 
that are in limited supply. The model described has 
recognized limitations. These animals do not have 
the atherosclerosis, hypertension, or chronic pulmo- 
nary disease seen in many patients with AAA. 
Complications of these conditions such as acute 
myocardial infarction with cardiogenic shock, stroke, 
and colon infarction do not play a role in this modcl. 
Although this may be beneficial because it removes 
confounding variables, several factors may be impor- 
tant for the development of remote organ injury in 
the human population after RAAA. Animals are 
breathing spontaneously, and their respiratory func- 
tion is not supported artificially. Death from respi- 
ratory distress has not been a problem over the 
duration of these experiments, and this removes any 
influence that mechanical ventilation and supplemen- 
tal oxygen might induce. The animals have their own 
blood returned to them, thereby eliminating the 
effect of multiple transfusions. A further limitation in 
this small-animal model is that the aorta is not 
actually repaired, thus local trauma is reduced and 
lumbar collateral f ow is not interrupted. In spite of 
these limitations this model does simulate RAAA 
repair in human beings. 
This experimental model demonstrated that a 
synergy exists between the two phases of RAAA 
(hypotension and supramesenteric lower torso isch- 
emia), which resulted in an acute ptflmonary injury 
characterized by increased pulmonary permeability 
and neutrophil sequestration. The pulmonary per- 
meability was observed only in those animals where 
the site of aortic clamping was above the superior 
mesenteric artery. When the clamp was placed in the 
infrarenal position, lung permeability index was not 
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increased, even with 2 hours of hypotension. This 
animal model of RAAA repair will allow investiga- 
tion into the synergy between the deleterious effects 
of hypotension and lower extremity ischemia. This 
may provide important information about he patho- 
physiologic mechanisms responsible for the develop- 
ment of remote organ injury after repair of RAAA. 
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